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In many industries such as aerospace, construction, and 
transportation various types of composite materials have found permanent 
use. In conjunction with the development and utilization of these 
materials, nondestructive techniques by which these materials are 
characterized, and their defective properties detected and evaluated must 
also expand and improve. Microwaves possess great potential for 
nondestructive evaluation of the properties of these materials. Some of 
the advantages of using microwaves for this purpose are 
1- ability to penetrate dielectric media 
2- use of small sized probes 
3- ability to obtain fine resolutions 
4- ability to identify various boundaries 
5- non-contact, and nondestructive nature of measurements 
6- polarization capabilities can determine preferred directions of 
inhomogeneities and defects 
7- evaluation of materials properties. 
In order to use microwaves for nondestructive purposes, the 
dielectric properties of a material under test must be known. Once the 
permittivity of the material is determined, the depth of penetration of 
the microwave signal in that material is also determined. One is 
concerned with the relative to air permittivity of a material which is 
usually complex and is given by Er = E'r - jE"r' The real part is known 
as the dielectric constant, and the imaginary part as the loss factor. 
The goal of this paper is to use a microwave transmission technique to 
evaluate the permittivity characteristics of Kevlar, carbon composites, 
E-glass, and rubber (33% carbon) at X-band (8-12 GHz). Subsequently the 
depth of penetration of microwaves at these frequencies in these 
materials will be determined. The first three materials are made of 
unidirectional fibers of glass and carbon. Thus, their permittivity 
characteristics for vertical, and horizontal polarization will be 
determined. Vertical polarization is when the direction of the microwave 
signal electric field vector is parallel to the direction of fibers, and 
horizontal polarization is when electric field vector is orthogonal to 
the direction of f~bers. 
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THEORETICAL DEVELOPMENT 
A plane wave propagating the the z direction can be represented by 
[3] 
(1) 
where a (Np/m) is the attenuation constant and ~ (rad/m) 
constant of the medium in which the signal is traveling. 
propagation constant of the medium is given by 
y = a + j~ (2 ) 
is the phase 
Thus, the 
For a lossy medium (a medium with nonzero e"r) once a and ~ are found the 
real and imaginary parts of the permittivity can be expressed by [4] 
(3) 
(4) 
where Ao is the wavelength in free space. The depth of penetration is 
defined as the distance in the medium where the magnitude of the 
penetrating microwave signal reaches to l/e times of its value at the 
surface of the medium. The penetration depth is given by 
0= ..L 
2a 
APPROACH 
(m) (5) 
The microwave transmission technique has proven to be an effective 
technique for permittivity characteristic measurement of dielectric 
slabs, and for determination of the slab thickness [1-2J. The 
experimental apparatus is shown in Figure 1. A microwave sweep 
oscillator is used to generate a signal in the range of 8-12 GHz. This 
signal is passed through an isolator which prevents any reflections to 
return into the oscillator (which may damage it, and also may contaminate 
the signal). This signal is then spilt into a test signal and a 
reference signal via a directional coupler. The reference signal is fed 
into the reference channel of a microwave network analyzer. The test 
signal illuminates the dielectric material (shaped into a uniform slab) 
via a transmitting horn antenna. This signal is then picked up by 
another horn antenna, and is fed into the test channel of the network 
analyzer. Comparison of the difference in the amplitudes, and phases of 
these two signals in the absence and in the presence of the dielectric 
material is related to the real and imaginary parts of the material 
permittivity. 
TEST SAMPLES 
Kevlar, E-glass, and carbon composite samples were all constructed 
of uni-directional fiber bonds in an epoxy matrix (2S0 oF cure). E-glass 
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Fig. 1. The experimental apparatus. 
fibers were of amorphous material having roughly isotropic construction 
with the following characteristics: modulus = 10 Msi, strength = 525 Ksi, 
density = 2.5 glcc, and ply thickness = 0.008 in. Kevlar 49 (Du Pont) 
was of synthetic aromatic polymer base, and highly anisotropic where 
transfer bonds were weak, yielding a tough fiber, but poor transverse 
mechanical properties. This material had the following characteristics: 
modulus = 17 Msi, strength = 550 Ksi, density = 1.35 glcc, and ply 
thickness = 0.005 in. Carbon composite (T300) was produced by 
carbonization of a polyacrylonitrile precursor with anisotropic fiber 
properties, but not as sever as Kevlar. The rubber samples contained 
very close to 33% carbon black by volume. 
RESULTS 
Slabs of the said four materials were used to determine their 
permittivities, and depth of penetration. The results reported here are 
the average of at least ten independent measurements on each sample. 
Tables 1 through 8 show the permittivity and depth of penetration results 
for Kev1ar, carbon composite, E-glass, and rubber for vertical and 
horizontal polarizations respectively. 
Table 1. Permittivity, and depth of penetration results for Kevlar 
(vertical polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11. 0 
Complex Permittivity 
4.63±.07-jO.52±.17 
4.30±.06-jO.76±.03 
4.27±.08-jO.08±.03 
4.59±.03-jO.28±.03 
4.63±.03-jO.45±.08 
4.57±.12-jO.66±.05 
4.72±.07-jO.75±.16 
Penetration Depth (cm) 
2.45 
1.55 
1.32 
3.90 
2.30 
1. 48 
1.26 
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Table 2. Permittivity, and depth of penetration results for Kevlar 
(horizontal polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11. 0 
Complex permittivity 
3.40±.05-jO.36±.03 
3.42±.03-jO.35±.03 
3.61±.04-jO.48±.03 
3.53±.03-jO.44±.02 
3.42±.02-jO.42±.02 
3.62±.03-jO.46±.03 
3.50±.03-jC.41±.02 
Penetration Depth (cm) 
3.32 
2.97 
2.11 
2.14 
2.08 
1. 91 
1. 99 
Table 3. Permittivity, and depth of penetration results for carbon 
composite (vertical polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
Complex Permittivity 
26.6±.20-j17.2±.13 
18.2±.22-j14.0±.20 
20.9±.22-j17.2±.48 
13.4±.39-j13.6±.15 
14.2±.19-j13.1±.23 
10.5±.12-j10.9±.07 
7.3±.14-j11.6±.16 
Penetration Depth (cm) 
0.19 
0.18 
0.15 
0.15 
0.15 
0.15 
0.12 
Table 4. Permittivity, and depth of penetration results for carbon 
composite (horizontal polarization) . 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11. 0 
Complex Permittivity 
29.4±.16-j13.3±.15 
22.8±.29-j16.8±.37 
21.6±.30-j14.7±.16 
17.6±.01-j12.6±.12 
15.1±.16-j11.9±.12 
11.5±.32-j12.9±.15 
10.5±.14-j11.3±.14 
Penetration Depth (em) 
0.25 
0.17 
0.18 
0.18 
0.17 
0.13 
0.14 
Table 5. Permittivity, and depth of penetration results for E-glass 
(vertical polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11. 0 
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Complex Permittivity 
4.71±.09-jO.99±.10 
4.83±.09-j1.12±.14 
4.85±.21-jO.30±.12 
5.12±.10-jO.76±.10 
4.98±.17-jO.70±.07 
5.04±.16-jO.80±.06 
5.24±.18-jO.76±.19 
Penetration Depth (cm) 
1.31 
1.11 
3.91 
1.49 
1. 53 
1.28 
1.30 
Table 6. Permittivity, and depth of penetration results for E-glass 
(horizontal polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
Complex Permittivity 
5.19±.06-jO.68±.04 
4.58±.06-jO.60±.05 
4.50±.15-jO.67±.03 
4.52±.03-jO.76±.03 
4.32±.04-jO.S5±.04 
4.57±.03-jO.71±.OS 
4.54±.03-jO.44±.06 
Penetration depth (cm) 
2.01 
2.02 
1.69 
1.41 
1.80 
1.36 
2.12 
Table 7. permittivity, and depth of penetration results for 33% carbon 
rubber (vertical polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
Complex Permittivity 
17.8±.09-j3.4±.06 
16.3±.03-j3.1±.04 
13.7±.01-j2.8±.02 
12.3±.10-j2.6±.01 
12.0±.02-j2.4±.03 
12.0±.02-j2.5±.02 
12.3±.02-j2.3±.01 
Penetration Depth (cm) 
0.76 
0.73 
0.70 
0.70 
0.70 
0.64 
0.66 
Table 8. Permittivity, and depth of penetration results for 33% carbon 
rubber (horizontal polarization). 
Frequency (GHz) 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
CONCLUSIONS 
Complex Permittivity 
21.2±.08-j4.5±.04 
17.5±.06-j4.6±.05 
15.B±.03-j4.0±.03 
13.8±.03-j3.4±.02 
12.0±.03-j3.4±.02 
10.5±.03-j2.1±.03 
9.6±.57-j2.5±.10 
Penetration Depth (cm) 
0.61 
0.51 
0.53 
0.56 
0.62 
0.67 
0.54 
The measured dielectric constant of Kev1ar at 10 GHz was compared to 
those reported by Du Pont Corporation, and very good agreement was 
obtained [5]. permittivity values for vertical polarization are slightly 
higher than those at horizontal polarization due to the fact that the 
electric field in the former case is parallel to the fiber directions 
which causes more of the signal to couple into the sample and yield 
higher permittivity. However, the difference is not large which is due 
to the electrically nonconductive nature of the material. 
For the carbon composite samples the results for both case show 
similar trends with some polarization sensitivity. The imaginary parts 
for all frequencies are very high due to the overwhelming presence of 
carbon which results in very small values for the depth penetration as 
expected. This clearly indicates that care must be taken in using 
microwaves (X-band) for defect detection in thick carbon composites. 
The results for E-glass at both polarizations are very similar, and 
the imaginary parts are very small relative to the real parts. This is 
expected as glass is a very low loss material at these frequencies. 
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Reported dielectric constant value for glass is between 4, and 10 which 
agrees well with our measurements. [3]. 
Permittivity of rubber with 50% carbon black at 10 GHz has been 
reported to be around 17 - j5 [6]. A simple linear regression from 55% 
to 33% carbon content results in very close values to those obtained in 
our experiments. As expected, the depth of penetration is in fractions 
of centimeters due to the presence of carbon particles. 
These results are crucial whenever microwave nondestructive 
techniques are to be used for defect detection, and evaluation of these 
materials. For example when an open ended waveguide probe is used to 
detect an abnormality in thick carbon composites at X-band, either a very 
sensitive receiver is needed, or an excess power must be transmitted into 
the sample to reach the abnormality. 
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